Introduction
In lab on a chip (LoC), multiplexed analysis provides a way to determine multiple analytes from a single sample of small volume. 1, 2 This is of particular importance in the case of clinical diagnostics, where an accurate diagnosis requires evidence from more than a single biomarker. 3 Apart from multi-analyte analysis, multiplexed systems are also used to endow LoCs with reliability through statistical analysis, 4 when requiring multiple control points 5, 6 or when the reliability of the assay is subjected to sequential analysis, 7, 8 among others.
Commonly multiplexed LoCs combine individual tests separated by spots, 9 wells, 10 channels (channel networks) 11 or electrodes (electrode arrays), 12 the latter for electrochemical LoCs. In the case of photonic LoCs, most of them rely on complex architectures integrating many light sources and readouts in a single structure, frequently through expensive sub-micrometric precision fabrication technologies. 13 The complexity and costs of such systems hamper their use and widespread implementation. Among other alternatives, multiplexing while keeping the cost at a reasonable low level is possible by the implementation of optofluidic elements 14 for light routing. One possibility is to take advantage of the laminar flow governing microfluidics to create liquid-liquid (L2) waveguides composed of two liquids of different refractive indices. 15 These elements can be used to split, switch or guide the light from external light sources to one of the independent light outputs. Light switching is achieved by modulation of the hydrodynamic flow, either steering the liquid waveguide 16 or modifying the reflection position. 17 Their main limitations rely, precisely, on maintaining and controlling a constant liquid flow, which is an important drawback for applicability outside research labs. Alternatively, most optofluidic light routing devices are based on tuneable air-gaps used as mirrors. Inspired by the articles published by Mach et al. in 2002 , 18 the main differences between them lie in the strategies to control the formation and elimination of the air-gap mirrors. Thermal generation of air bubbles, 19 electrowetting on dielectrics (EWODs) [20] [21] [22] and pneumatic control based on the application of high pressures to collapse the air channel 23 are the three reported strategies based on air mirrors, with the main limitation of requiring complex and bulky external elements to control the position or geometry of the air mirror. Additionally, in the case of EWODs, the high voltages required for air-gap mirror generation, and the associated energy consumption, limit the portability and low cost of these multiplexed LoCs.
In an attempt to solve these open issues, we present a cost effective and simple microfluidic-controlled optical router (μCOR) fabricated in polydimethylsiloxane (PDMS) by softlithography, where micro-optic and micro-opto-fluidic elements are monolithically integrated in a single structure. Airgap mirrors are generated in this case by filling/emptying independent micro-chambers with water with an external pump. The μCOR does not require continuous flow and improves previous air-gap mirrors by being very robust and omitting the need for high-precision instrumentation. The latter is accomplished by the combination of phase-guides and meandering channels. Phase-guides enable a stepwise control of the liquid flow, guiding the liquid to fill the chamber homogeneously along the edge and pushing out airbubbles as the liquid continues to flow. Once filled, the pressure build-up will overcome the barrier, allowing the liquid to cross until the next phase-guide is reached. 24 Meandering channels, on the other hand, connect individual chambers and provide a time window during switching. That is, the liquid flow can be stopped and resumed between the microchambers, maintaining a constant signal output, without needing high precision instrumentation. The switching capacity and performance of such devices are evaluated in this paper using a 1 × 4 configuration.
Materials and methods

Design and simulation software
AutoCAD (Autodesk, California, US) was used to design the μCOR. A 3D model of the designs of individual components and the final device were analysed with the TracePro simulation software (Release 7.8, Lambda Research, Littleton, MA, USA). The 3D optimization tool is based on the downhillsimplex method, which is a commonly applied nonlinear optimization method to find the extrema in a multidimensional space. The optimization function was chosen to maximize light collection at typical distances (0-2 cm) considered in the μCOR design. The optical properties of each element in the 3D model were set according to previous studies, i.e. refractive index and absorption coefficients of PDMS 25 and air. 26 For consistency with experimental data, ray tracing simulations were performed considering the light source and detector connected to 0.5 m long optical fibers (cladding diameter 125 μm; core diameter 105 μm; numerical aperture 0.22). The optical power at the end facet of the output fiber is determined, given the same 0.22 NA. Fresnel reflection losses at various interfaces along the system were considered in the simulation. Total irradiance values were acquired at 635 nm. A total number of rays between 10 000 and 100 000 were analysed in each simulation.
Fabrication protocol
The micro-lenses were fabricated following the earlier described protocol by our group. 27 
Optofluidic setup
Optical fibers with 125 μm cladding and 105 μm core (AFS105/125Y, Thorlabs, Dachau, Germany) were stripped, cleaved and inserted into the self-alignment elements using ethanol as a lubricant. A 635 nm-laser source (S1FC635, Thorlabs, Dachau, Germany) was connected to the inlet optical fiber. Outlet fibers were connected to a power-meter (Newport 1931-C, Newport Corporation, Irvine, CA, USA) and spectrometers (QEPro, Flame, Maya; Ocean Optics, Largo, FL, USA) for simultaneous light detection. A NeMESYS syringepump was used as the fluidic driver (Cetoni GmbH, Germany). PEEK tubing (Upchurch Scientific) was used to connect the optical router with a 2.5 mL gas-sealed glass syringe (Hamilton, Switzerland) implemented in the syringe pump and with the waste channel. A LabView Virtual Interface (VI) application (National Instruments, for the Austin, TX, EUA) was developed for simultaneous acquisition from multiple light detectors and synchronization of optical recordings with fluidic pumping.
Results and discussion
Micro-lens system optimization
Micro-lens systems were designed and optimized separately with TracePro optical simulation software, with the main View Article Online objective of having minimal optical losses. In these designs, each system was limited to two successive PDMS microlenses separated by an air gap to minimize the size, the dispersive optical losses and those associated with Fresnel reflections at air-PDMS interfaces.
Three different micro-lens systems were designed depending on their functionality, namely collimation (input) and short-distance (<1 cm) and long-distance (>1 cm) focusing (output) systems. The collimation system was designed to reduce light dispersion from the input optical fiber and to turn it into parallel rays. Focusing systems, on the other hand, were designed to focus and match the angular acceptance angle of the output optical fibers (0.22 NA).
The collimation system consisted of a typical plano-convex micro-lens, for correction of input light dispersion, followed by a second convex micro-lens with soft spline curves for additional reduction of the dispersion angle. Compared to already published spherical micro-lenses 29 ( Fig. 1a and For the focusing systems, a highly convex micro-lens was chosen as the first element of the system to maximize incident light collection into the fiber. The second element was a concave micro-lens located right before the focal point of the first one, which collimated the light into a parallel beam. Two such lenses were designed based on the distance to the origin of the light, as shown in Fig. 1c and d. Considering the low numerical aperture of the fibers, this second microlens was small and with extreme high concave spline curvatures to reduce the numerical aperture to match with that of the output fiber. Candela distributions at the fiber input of the short-distance and long-distance focusing systems are illustrated in Fig. 1g and h. These plots show how the intensity maximum of the light is at the centre of the lenses, and drops to 0 within a 20 degrees deviation. The green lines represent the plot in the horizontal plane, whereas the purple ones represent the intensity profile along the vertical plane. The lenses were optimized along the horizontal plane to reduce spreading of the light, whereas the vertical plane was left unattended. This can be observed in the figures too, where the purple lines behave very similarly in all 4 systems, whereas the spread of the green line is reduced with the newer designs.
Spline-optimized systems combining collimation with either short-distance (lens system A) or long-distance (lens system B) focusing micro-lenses were fabricated and evaluated in propagation (lens-to-lens) distances from 0.5 to 13.5 mm. Experimental data and simulations, shown as points and lines in Fig. 2 , respectively, were compared with those of a reference lens system consisting of spherical micro-lenses both as collimation and as focusing micro-lenses. Each experimental point corresponds to an average of 5-7 individual devices.
There was a good correlation between the experimental data and simulations in all cases, validating the theoretical model. Experimental results evidenced the superior performance of spline-optimized systems, with an improvement from 3 to 6 dB (depending on the propagation distance) when compared with the previously used micro-lens configuration. Additionally, the transition points predicted by simulation between far (lens system B) and near (lens 
Finally, quantitative measurements, similar to those performed by Müller, 20 confirmed the reduction of the numerical aperture in spline-optimized systems from 6.75°(in spherical-based systems) to 4.40° (Fig. 2b and c) . Though the calculation method is not fully optimized, it enables a fast and reliable qualification of the improvement of the lenses. Therefore, spline-optimized micro-lens systems were implemented in the final μCOR.
Design and performance of the μCOR Fig. 3 illustrates the design and the performance of the μCOR device. It consisted of an advanced architecture integrating all micro-optical and microfluidic elements for in-coupling, guidance and out-coupling of light to four independent light outputs (optical channels). Micro-optical elements comprised self-alignment elements for fiber-optics positioning, 29 pinholes based on liquid inks (see Fig. SI1 in the ESI †) to minimize cross-talk between channels, and the previously described optimized micro-lens. Microfluidic components included a fluidic inlet and outlet, micro-chambers, phaseguides 24 for fluid management inside the micro-chambers and interconnecting meander-like micro-channels connecting the latter while introducing a time-delay between them. Importantly, all these elements were defined in a single master, and therefore, they are intrinsically self-aligned during the fabrication step, requiring little technological complexity. This monolithic fabrication allows the simultaneous integration of the router into another PDMS-based device. The number of optical channels was fixed to four for appropriate comparison with Müller's work, 20 even though this can be expanded. The amount of possible channels depends on the desired light intensity and application, as more channels lead to longer optical paths, in turn resulting in bigger optical losses. Micro-chambers and the corresponding optical channels were numbered from 1 to 4 according to the liquid flow, 1 being the channel closer to the fluidic inlet (Fig. 3) . They were the central elements in the μCOR. They were considered to operate as fluid-controlled micro-mirrors. The operation principle was based on the modulation of total internal reflection in the micro-chamber wall interface. Considering Snell's law, total internal reflection was reached at the PDMS-air interface of empty micro-chambers at angles above 45°(RI PDMS = 1.41; RI air = 1). However, it required angles above 71°when filled with water (RI water = 1.33). Then, micro-chamber walls with an angle between 45°and 71°could reflect and redirect the light when empty, while enabling light transmission when filled with water. In order to reduce the design This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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footprint and the optical losses due to lack of vertical confinement, the angle of the micro-chamber wall was set here at 55°. A more detailed explanation of how this angle was decided can be found in the ESI. † Two phase-guides were implemented in each microchamber structure to optimize the focusing behaviour of the switching liquid, as shown in Fig. 4 . The liquid entered the bottom right corner of the micro-chamber and was pushed towards the top right side. Once filled, the liquid crosses the first phase-guide, filling the intermediate space, until the second phase guide. The same principle is repeated until breaching, after which the liquid was guided back down through the interconnecting meander structure and to the next micro-chamber. This configuration enabled a strict microfluidic control of the routing, without requiring highlyprecise instrumentation and minimizing the risk of bubble formation or entrapment.
In the μCOR, this working principle is exploited in the development of a 1 × 4 optical router by sequentially connecting four independent micro-chambers. As demonstrated by simulation, with this design we could obtain a high control of the light flow. For example, light could be redirected to the first optical chamber when only the first micro-chamber was filled, to the second when micro-chambers one and two were filled, or to the output of the chip when the liquid was present in all micro-chambers. Importantly, since the microchambers generating the air-gap were fixed elements, the μCOR had no movable parts, which provided high mechanical robustness.
Characterization of the PDMS-based μCOR
Initially, to visualize the μCOR performance, 1 mM fluorescein solution (Sigma-Aldrich) was used to fill the system and a blue laser-source (nano-405-100, Linos) was coupled into the input fiber optics. In Fig. 5 , it is shown how the input light was redirected to the second light output channel when the first micro-chamber was filled with fluorescein, or through the device when all micro-chambers were filled, enabling a strict control of the light flow and thus validating the working principle of the μCOR.
In the characterization of the μCOR performance, three parameters were analysed, namely the switching frequency, lapse-time in the channel, and the cross-talk between channels under continuous flow conditions.
The switching frequency is defined by the time required to switch between two adjacent optical channels, whereas the lapse-time refers to the time during which a specific optical channel provides the maximal light output intensity at a constant flow. This second parameter is of huge importance for potential analytical applications of the presented router since it reports on the time where the light intensity is stable for performing measurements in each channel considering a constant flow. Clearly, both parameters depend on the flow rate and on geometrical features, which affect the flow in the device, e.g. the number of channels, the volume of the microchamber, the position, height and width of the phase-guides and the length and calibre of the interconnecting meander. Since all these geometric parameters did not differ between micro-chambers, only the fluidic sequence of the microchamber was considered to impact the performance. Nevertheless, depending on the application, the μCOR can be designed so as to have specific switching frequencies and lapse-times by modifying the parameters described above.
The behaviour of the measured signal at different flow rates can be used to analyse the lapse-times, as is shown in Fig. 6a , where the results of the dynamic range as a function of time at flow rates ranging from 0.025 to 0.250 μL s −1 are presented. As can be seen, the presented μCOR has a dynamic range close to 15 dB which is independent of the flow rate. The formal shape of the dynamic range is also independent of the flow: in the initial transient phase, the signal has a gradual increase towards its maximum light intensity due to the flow filling the space between the final phase guide and the meandering channel connection. The two short signal drops are attributed to the liquid meniscus propagating between the micro-chambers. Because of its shape and refractive index, reflection occurs at the air-meniscus interface, resulting in a temporal decrease of the output signal before stabilization. This exact time is the onset of the lapse-time measurement, which continues until the signal drops abruptly, corresponding to the filling of the next micro-chamber. As expected, the increase of the flow rate results in a shorter transient period, with less pronounced signal drops. The continuous measurement of this behaviour through subsequent micro-chambers is depicted in Fig. 6b , where the signal is monitored at a constant flow rate of 0.1 μL s −1 . As requested, two identical micro-chambers provide the exact same behaviour both in the transient phase and in the lapsetime, which confirms the validity of the proposed μCOR. Small variations are due to the filling, where the liquid reflects light at random towards the output. Fig. 6b allows us to measure the switching rate, which we defined as the time between the onset of the lapse in one micro-chamber and the next. Fig. 6c and d show the collection of all generated data using the methods shown in Fig. 6a and b, respectively. In all channels, the switching frequency increased with the flow rate until stabilization around 0.1 μL s −1 . From 0.025 to 0.1 μL s −1 , it was possible to modulate the switching frequency of the device in a range from 0.032 ± 0.003 to 0.343 ± 0.006 Hz. This frequency may be enough for an optical router implemented in a PhLoC for biological applications, where such types of assays often take minutes (enzymatic) up to hours (immunoreactions or susceptibility testing). Additionally, as mentioned above, this frequency can be tuned by modifying both the meandering micro-channels and the micro-chamber volume. Finally, these rates were in the same range as our previously developed EWOD router. No significant differences between channels were found (p < 0.05) for any of the flow rates. The data for all 4 channels were therefore grouped together and shown in Fig. 6d . However, differences can be found when either filling or emptying the μCOR. At lower flow rates emptying the device is significantly faster than filling. This is due to the reduced pressure buildup and beneficial cohesive force of water that are more dominant at lower flow rates. From flow rates of 0.2 μL s −1 and above, no differences were observed. There were no significant differences found between the different channels (p < 0.05) and the data shown are the average over all channels at the specified flow rate. Thanks to its particular design, the lapse-time in the μCOR was always long when compared with the total time required for changing from channel to channel. In fact, the lapse-time covers between 56 and 91% of the total time required for changing between channels, meaning that the View Article Online optical channel was active most of the time. Part of the reason for that may be attributed to the phase-guides that enabled a fast filling/emptying of the first section of the microchamber and thus the quick generation/elimination of the air-gap mirrors. Second, the design enables a continuous signal generation during switching, where only the final filling of the connecting channel between 2 micro-chambers disrupts the active signal output. In contrast to the switching frequency, the lapse-time in the optical channel depended on the flow rate and the position of the channel in the device. Regarding flow rates, the lapse-time decreased with the increasing flow rate in the range from 0.025 to 0.1 μL s −1 , enabling the modulation of the measurement time. Contrary to before, there were some differences between channels, being those closer to the fluidic inlet the ones with shorter lapsetimes. The differences were more evident at low flow rates, whereas above 0.1 μL s −1 the differences between channels were almost not significant. A minimum lapse-time of 2.03 s was reached in channel 2 at 0.25 μL s −1 , whereas the maximum, 32 s, was obtained in channel 3 at 0.025 μL s −1 .
Cross-talk is a key parameter in PhLoC applications since it can dramatically alter the validity of the measurements taken. To verify this parameter, cross-talks between all channels were evaluated at a single flow rate of 0.2 μL s −1 and illustrated in Fig. 7 . To reduce the cross-talk levels, the ink aperture was filled with crystal violet to absorb stray light. A further description of the working principle of the ink aperture can be found in the ESI. † The figure shows the relative power intensity in each optical output during a single micro-chamber activation. The shown strengths are the relative outputs compared to the total output power measured over all 4 channels during the specified micro-chamber activation. Each of the 4 groups in turn corresponds to activation of each of the 4 micro-chambers. An average of 94% of the measured light goes to the designated output, signifying that a total of 6% is collected by the other channels combined which we see as cross-talk. Like with the switching rates, these results match the EWOD based router, confirming an overall equal performance, but removing the high energy requirements and improving usability.
The results show no significant differences between the intensities at the optical outputs when the corresponding micro-chamber is active. Nonetheless, differences can be found when measured at different outputs. For optical output 2, the signal is significantly lower (p < 1%) when chamber 1 is active compared to chambers 3 and 4. At both outputs 3 and 4 the signal is significantly higher when chamber 4 is active, compared to the other 2. For router 1 there are no such differences. The general trend shows higher output intensity when going further in the chip, implying higher cross-talk levels when a longer optical path is required. Additionally, there is a trend towards higher cross-talk levels at an optical output when the liquid has passed the corresponding microchamber. This increase is probably due to the water-PDMS interface, both having different refractive indices, with TIR conditions being fulfilled at angles above 71°. Some small discrepancies can thus reflect the light towards one of the corresponding outputs. However, when the liquid front has not yet reached the optical output light will be reflected away at the air-PDMS mirror before the output is reached.
Conclusions
In conclusion, microfluidic-control of sequential light routing is possible with a highly-integrated and miniaturized allpolymer optical router characterized in the current study, without the need for integrated movable parts, constant continuous flow or the requirement of precise external instrumentation. The device is capable to redirect to four independent optical output channels with switching frequencies between 0.03 and 0.3 Hz, which is well suitable for most biological assays. More importantly, thanks to its particular design, the optical router remains active for optical measurements up to 91% of the total time required for changing between channels and enables the modulation of the measurement time from 32 to 2 seconds by adjusting the flow rate. For the simplicity and robustness of the technology, the monolithic fabrication and the compatibility with microfabrication techniques, we expect the current routing strategy to impact largely in the development of future advanced multiple analyte biosensing LoC platforms.
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